Although the regulation of osteoblast and adipocyte differentiation from mesenchymal stem cells has been studied for some time, very little is known about what regulates their appearance in discrete regions of the embryo. Here we show that, as in other vertebrates, zebrafish osteoblasts and adipocytes originate in part from cephalic neural crest (CNC) precursors. We investigated the roles that the retinoic acid (RA) and Peroxisome proliferator-activated receptor gamma (Pparg) pathways play in vivo and found that both pathways act on CNC to direct adipocyte differentiation at the expense of osteoblast formation. In addition, we identify two distinct roles for RA in the osteoblast lineage: an early role in blocking the recruitment of osteoblasts and a later role in mature osteoblasts to promote bone matrix synthesis. These findings might help to increase our understanding of skeletal and obesityrelated diseases and aid in the development of stem cell-based regenerative therapies.
INTRODUCTION
Age-related osteoporosis is associated with an increase in adipocytes and a reciprocal decrease in osteoblast numbers within bone marrow (Beresford et al., 1992; Burkhardt et al., 1987; Kajkenova et al., 1997; Koo et al., 1998; Meunier et al., 1971; Nuttall and Gimble, 2000; Verma et al., 2002) . Both of these cell types differentiate from a bone marrow-derived multipotent precursor called a mesenchymal stem cell (MSC) (Phinney and Prockop, 2007) . Differentiation of MSCs into adipocytes and osteoblasts is driven by Peroxisome proliferator-activated receptor gamma (Pparg) and Runt-related transcription factor 2 (Runx2; also known as Core binding factor a1), respectively (Komori et al., 1997; Otto et al., 1997; Tontonoz et al., 1994) . Intriguingly, mice that lack one copy of Pparg have increased bone mass and elevated osteoblast differentiation (Kawaguchi et al., 2005) . Furthermore, pharmaceutical activation of PPARG as a treatment for diabetes in humans leads to a decrease in bone mass and has been shown to reduce osteoblast differentiation in mice (Akune et al., 2004; Ali et al., 2005; Grey, 2008) . Several other pathways have been shown to regulate adipocyte and osteoblast differentiation from MSCs (Zhao et al., 2008) . Whereas Leptin, Estrogen, Wnt and TGFb promote osteoblast differentiation while inhibiting adipogenesis, Pparg has the opposite effect. In addition, the transcription factor Tafazzin is known to act in MSCs to promote osteoblastogenesis by activating Runx2 and inhibiting Pparg (Hong et al., 2005) . Although the mutually exclusive relationship of these two lineages suggests the existence of a bipotent adipo/osteoprogenitor, there is no strong evidence to support this hypothesis.
Recent studies in zebrafish have highlighted its potential as a tool for the analysis of obesity (Flynn et al., 2009; Liu et al., 2007; Schlegel and Stainier, 2006; Song and Cone, 2007; Yang et al., 2008) . In addition, several mutant zebrafish lines have been shown to accurately model human skeletal diseases (Clement et al., 2008; Fisher et al., 2003; Lang et al., 2006) . Here we analyse the role that the retinoic acid (RA) and Pparg pathways play in specifying osteoblast and adipocyte cell fate choices in the cephalic neural crest (CNC). Our findings shed light on how neural crest cells diversify in vivo and might increase our understanding of human diseases such as osteoporosis, diabetes and obesity. These results might also aid in the advancement of new technologies based upon neural crest stem cells (Delfino-Machin et al., 2007; Dupin et al., 2007) .
MATERIALS AND METHODS

Oil Red, Alcian Blue and Alizarin Red staining
For Oil Red staining, fish were fixed in 4% paraformaldehyde (PFA) in PBS overnight at 4°C, washed once in PBST (PBS containing 0.1% Tween 20) for 5 minutes, stained with filtered 0.3% Oil Red O (Sigma, O0625) in 60% propan-2-ol for 2 hours, rinsed in PBST and mounted in 75% glycerol. Alcian Blue staining was performed as described (Clement et al., 2008) . For Alizarin Red staining, fish were fixed as above, stained overnight in 0.96 ml 0.5% KOH with 0.04 ml saturated Alizarin Red (0.1% Alizarin Red S in 100% ethanol), rinsed and mounted as above.
RNA in situ hybridisation
In situ hybridisation was performed as described (Li et al., 2009; Thisse and Thisse, 2008) . The cebpa (CCAAT/enhancer binding protein alpha) probe was prepared from Image clone 6793849 using M13 forward and reverse primers to prepare the template and T7 RNA polymerase for RNA synthesis. The twist2 probe was prepared from Image clone 7254680 using primers PME18S F (5Ј-TGTACGGAAGTGTTACTTCTGCTC-3Ј) and PME 18S rev T3 (5Ј-GGATCCATTAACCCTCACTAAAGGGAAGGCCGCGACC -TGCAGCTC-3Ј) to prepare the template and T3 RNA polymerase for RNA synthesis.
Fluorescent in situ hybridisations were performed as above with the following modifications: anti-DIG POD (Roche, 11207733910) at 1:500 in 2% Blocking Reagent (Roche, 11096176001) in maleic acid buffer was used in conjunction with detection by a 30-minute incubation in Cyanine 3 Tyramide solution (Perkin Elmer, NEL744001KT). After rinsing several times in PBST, the embryos were re-blocked and stained using standard protocols to detect GFP. Anti-GFP was used at 1:500 (Torrey Pines Biolabs, TP401) and the Alexa 488-conjugated anti-rabbit secondary antibody was used at 1:200 (Molecular Probes). The samples were mounted in Vectashield plus DAPI (Vector Laboratories, H1200) and scanned on an Olympus FV-1000 using a 60ϫ oil-immersion lens (1.2 numerical aperture) with sequential scans and optimal pinhole settings.
Chemical treatments
GW9662 (Sigma, M6191) was used at 5 mM in embryo media (prepared from a frozen 10 mM stock in DMSO). Except where noted (see Fig. 3D and Table S3 in the supplementary material), 4-diethylaminobenzaldehyde (DEAB; Sigma, 31830) was used at 50 mM (made from a fresh 10 mM stock in DMSO). RA (Sigma, R2625) was used at 0.5 mM as described (Begemann et al., 2001) . Fish were treated in the dark at 28.5°C. Treatments were begun after 48 hpf because this is when runx2b and other early osteoblast markers become more restricted to bone condensations.
RESULTS AND DISCUSSION
Pparg is a key regulator of the early adipocyte and osteoblast lineages Although adipocyte differentiation has been studied in cell culture, nothing is known about the embryonic regulation of adipogenesis (Rosen and MacDougald, 2006) . In order to begin to address this problem, we screened small molecules known to affect adipogenesis in mammalian systems, and found that one drug, GW9662, strongly reduces lipid droplet formation in zebrafish. GW9662 is an antagonist of the nuclear hormone receptor Pparg, a regulator of adipocyte differentiation from MSCs (Leesnitzer et al., 2002) . Pparg has been shown to promote adipogenesis while inhibiting osteoblast differentiation in mice and humans (Akune et al., 2004; Ali et al., 2005; Grey, 2008) . We found that GW9662 treatment for 72 hours inhibits lipid droplet accumulation in cephalic and cardiac regions at 120 hours post-fertilisation (hpf) (Fig. 1A,B) . The same treatment resulted in an increase in perichondral (cartilage bone) and dermal (achondral) ossification at 120 hpf Table S1 in the supplementary material). The maxilla, dentary, hyomandibula and ceratohyal, which are usually not present at 120 hpf, were often well ossified in treated animals. In addition, ossification levels of existing bones (e.g. the opercle and brachiostegal rays) was stronger after GW9662 treatment. Overall, the level of ossification seen at 120 hpf after treatment resembled that of untreated animals at 144 hpf. To determine whether this result was due to a direct effect on osteoblast differentiation, we looked at the expression of runx2b, which is an early marker of the osteoblast lineage that also marks a subpopulation of chondrocytes at this stage in development (Flores et al., 2004; Li et al., 2009; van der Meulen et al., 2005) . Expression of runx2b becomes more restricted to the osteoblast lineage from 48 hpf onwards (Li et al., 2009 ). GW9662 treatment for 10 or 24 hours resulted in a dramatic increase in runx2b expression ( 
RA signalling is required for adipocyte differentiation in vivo
Another small molecule that regulates adipogenesis is all-trans retinoic acid (RA). RA is crucial, for example, for the differentiation of human embryonic stem cells into adipocytes (Phillips et al., 2003) . We tested whether endogenous RA signalling is required for differentiation of adipocytes in vivo. First, we examined the neckless (nls) mutant, which encodes the RA synthesis enzyme retinaldehyde dehydrogenase type 2 (Aldh1a2) (Begemann et al., 2001) . We found that nls -/-fish do not form oil droplets at day 5 ( Fig. 2A,B) . We next used cebpa as a marker for the adipocyte lineage (Linhart et al., 2001; Umek et al., 1991) . cebpa is expressed in the liver, gut and pronephric duct at 36 hpf (Thisse et al., 2001 ). Starting at 48 hpf, cebpa begins to be expressed in the pharyngeal arches in regions that will later form oil droplets (Fig. 2) . We found that nls -/-fish lack cebpa expression in the head at 60 hpf (Fig. 2C,D) . The nls -/-mutation is known to cause widespread patterning defects in the head, shoulder and fin regions of the zebrafish (Begemann et al., 2004; Begemann et al., 2001; Gibert et al., 2006; Kazakova et al., 2006; Linville et al., 2004) . To rule out the possibility that the reduction in cebpa expression seen in nls -/-fish is due to an earlier patterning defect, Table S1 in the supplementary material. (G-J)runx2b expression is strongly upregulated after 24 hours of GW9662 treatment. The opercle, branchiostegal ray 3 and the parasphenoid primordia all show more intense staining (H,J), consistent with the increase in ossification seen by 120 hpf (D,F). Scale bars: 100mm in F for A-F and in J for G-J.
we treated fish with the retinaldehyde dehydrogenase inhibitor DEAB and found that treatment from 48-120 hpf results in a marked decrease in lipid droplet accumulation (Fig. 2E,F) and treatment from 48-72 hpf reduces cebpa expression in the pharyngeal arches and liver (Fig. 2G,H ). Finally, we tested whether exogenous RA could drive adipogenesis and found that treatment for 12 hours resulted in an upregulation of cebpa expression at 60 hpf (Fig. 2I-L) . Together, these data indicate that RA induces adipogenesis during zebrafish early development.
RA signalling plays two distinct roles in the osteoblast cell lineage Given our finding that Pparg regulates early adipogenesis and osteoblastogenesis reciprocally, we wondered whether RA could also play a similar role. The role of RA in osteoblastogenesis has been studied extensively in vitro and it has been shown to both promote and inhibit differentiation, as well as to drive bone matrix synthesis (Ahmed et al., 2000; Benayahu et al., 1994; Choong et al., 1993; Manji et al., 1998; Ohishi et al., 1995; Song et al., 2005; Wiper-Bergeron et al., 2007) . Although variation between cell lines, the markers tested and experimental regimes might offer an explanation for these differing results, a clear consensus as to the role of RA has not emerged. Two recent studies in zebrafish have also shown that RA promotes the activity of osteoblasts during bone mineralisation in vivo (Laue et al., 2008; Spoorendonk et al., 2008) . To further investigate the role of RA in osteoblast differentiation in vivo, we pulse treated embryos from 48-52 hpf, before the skull bones have begun to ossify. We found that even after 96 hours of recovery (at 144 hpf), many bones were reduced or absent (Fig. 3A ,B and see Table S2 in the supplementary material). In particular, the entopterygoid, maxilla and dentary, which are usually well ossified by 144 hpf, were absent in most treated fish. Furthermore, an early pulse treatment with DEAB increased the ossification of both dermal and cartilage bones (Fig.  3C ,D and see Table S3 in the supplementary material). These results suggest that RA has an inhibitory effect on early osteoblastogenesis. To test this model directly, we analysed the impact that RA has on a set of early osteoblast differentiation markers. tcf7, twist2 and runx2b are all thought to be key regulators of early osteoblast differentiation (Bialek et al., 2004; Flores et al., 2004; Li et al., 2009; Spoorendonk et al., 2008; van der Meulen et al., 2005) . We found that all three of these genes are downregulated when embryos are treated at 48 hpf for 4 hours (Fig. 3E,F,H,I ,K,L). osterix (osx; sp7 -Zebrafish Information Network), which marks an intermediate stage of differentiation (Li et al., 2009; Nakashima et al., 2002) , was also downregulated by RA. Treatments with DEAB caused the opposite response, as expected (Fig. 3G ,J,M,P). This rapid response suggests that RA might act directly on the transcription of these genes. To investigate this possibility, we fixed animals after 2 hours of RA treatment and found that whereas early markers were downregulated, osx was unaffected (see Fig. S2 in the supplementary material). Since Osx transcription requires Runx2 in mice (Nakashima et al., 2002) , it is possible that the reduction in osx expression seen after 4 hours of RA treatment is due to depletion of Runx2, rather than being a direct effect. Taken together, these results suggest that endogenous RA signalling blocks the recruitment of precursors to the osteoblast lineage by reducing transcription of early regulators of osteoblast differentiation.
Our results contrast with the finding that RA promotes the bone matrix synthesis activity of osteoblasts in vivo (Laue et al., 2008; Spoorendonk et al., 2008) . In order to reconcile our results with 391 RESEARCH REPORT Zebrafish neural crest differentiation these findings, we investigated the effects of RA on later stages of development, after much of the skeleton has begun to ossify. In agreement with the previous studies, we found that a pulse treatment with RA when mature osteoblasts are present (at 84-96 hpf) resulted in a strong increase in ossification at 144 hpf (see Fig.  S3A ,B in the supplementary material). In addition, expression of collagen 1a1 (col1a1) in osteoblasts at 86 hpf was upregulated after just 2 hours of treatment (see Fig. S3C -E in the supplementary material). As Col1a1 is a component of the bone matrix, this suggests that RA activates bone matrix synthesis in osteoblasts. However, when we tested the expression of runx2b, we found that expression is strongly downregulated by RA treatment, as shown for earlier time points (see Fig. S3I ,J in the supplementary material). Consistent with these results, inhibition of endogenous RA signalling with DEAB gave the opposite response (see Fig. S3K in the supplementary material).
These findings suggest that RA signalling plays at least two roles in the osteoblast lineage: an early role in blocking the recruitment of osteoblasts and a later role in mature osteoblasts to promote bone matrix synthesis. A similar role for RA has been proposed in the regulation of chondrogenesis (Weston et al., 2003) . Given that constitutive expression of Runx2 in mice leads to osteopenia and blocks osteoblast maturation, it is likely that Runx2 expression must be downregulated for the completion of differentiation (Kanatani et al., 2006) . Thus, the early and late roles for RA might in part involve repression of the same set of 'early osteoblast differentiation' genes. It is interesting to speculate that in regions of bone growth and repair, RA availability is initially low to allow recruitment of osteoblasts, then, once osteoblasts are present, RA levels are raised to activate ossification and block the differentiation of more osteoblasts. Since mature osteoblasts have been shown to express high levels of retinaldehyde dehydrogenase type 2 (Allen et al., 2002) , it is possible that in certain circumstances osteoblasts synthesise RA in order to autoregulate their own recruitment and activity.
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Development 137 (3) Zebrafish cephalic neural crest gives rise to both osteoblasts and adipocytes Given that tetrapod CNC differentiates into both adipocytes and osteoblasts in vivo (Billon et al., 2007; Le Douarin et al., 2004) , we decided to test whether the same is true in zebrafish. To identify CNC we utilised a sox10:gfp transgenic line [Tg ba2 ] as a marker (Carney et al., 2006) and determined whether cells expressing sox10:gfp also express cebpa or osx. We found that at 54 hpf both markers are expressed in CNC cells (Fig. 4A-J) , indicating that both adipocytes and osteoblasts originate from a common precursor that is found within the CNC. Since the first embryonic wave of MSCs in the mouse trunk is neural crest derived (Takashima et al., 2007) , it is possible that both the Pparg and RA pathways act via a conserved mechanism to regulate both MSC and neural crest differentiation.
We next investigated whether RA signalling affects other aspects of CNC differentiation at 48 hpf. To ascertain the relative specificity of the RA and DEAB treatments, we looked at differentiation of additional CNC derivatives including iridophores, melanophores, xanthophores, glia, sensory neurons and chondrocytes, as well as muscle (which is mesodermally derived). We found that RA or DEAB treatments commencing after 48 hpf did not have a noticeable effect on these cell types (see Fig. S4 in the supplementary material). In addition, we and others have also found that these cell types are not affected in nls -/-fish (Begemann et al., 2001; Kazakova et al., 2006 ) (data not shown). These data suggest that at this time point, RA signalling acts on CNC to specifically affect the osteoblast and adipocyte cell fate lineages.
Our findings indicate that cephalic adipocytes and osteoblasts share a common precursor cell type (i.e. CNC). However, we did not find evidence that the RA and Pparg pathways mediate the choice between the adipocyte and osteoblast lineages in the same cell (i.e. that there is a bipotent adipo/osteoprogenitor within the CNC population). This is because none of our treatments resulted in the ectopic expression of markers of osteoblast differentiation in place of adipocyte markers, or vice versa. Rather, our data support the model that pre-existing differences in CNC present at 48 hpf cause subpopulations of the CNC to respond differently to Pparg and RA signalling. Nevertheless, our data are only suggestive and resolution of this question will entail single-cell lineage analysis in vivo.
